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HIGHLIGHTS 

►  The  influences  of  stoichiometry  and  annealing  to  Nd-A2B7  alloys  were  studied. 

►  Secondary  phases  are  critical  as  catalyst  for  hydrogen  storage. 

►  Annealing  improves  capacity  and  high-rate  dischargeability. 

►  Annealed  AB3.5  has  the  best  electrochemical  properties. 
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The  structures,  gaseous  phase  hydrogen  storage,  and  electrochemical  properties  of  a  series  of 
(Ndo.83Mgo.i6Zro.oi)(Nio.953Alo.o46Coo.ooi)a  alloys,  where  a  =  3.3,  3.4,  3.5,  3.6,  and  3.7,  before  and  after 
annealing  (900  °C  and  5  h  in  argon)  were  studied.  Besides  the  main  Nd2Ni7  phase,  other  secondary 
phases,  such  as  MgNdNi4,  NdNi5,  NdNi3,  NdNi,  and  CeNi3,  were  present  in  most  of  the  samples  and 
influenced  the  hydrogen  storage  properties.  After  annealing,  several  changes  happened:  the  stoichi¬ 
ometry  of  the  main  Nd2Ni7  phase  remained  constant  at  B/A  =  3.3  and  its  abundance  increased;  the 
abundances  of  the  major  secondary  phases  decreased  but  were  not  totally  eliminated  (which  helped 
preserve  the  catalytic  effects);  both  the  gaseous  phase  hydrogen  storage  and  electrochemical  capacity 
increased;  the  high-rate  dischargeability  decreased  slightly;  and  the  activation  became  more  difficult.  A 
stoichiometry  of  AB3.5  showed  the  best  compromise  among  electrochemical  capacity,  high-rate  dis¬ 
chargeability,  and  ease  of  activation. 

©  2012  Elsevier  B.V.  All  rights  reserved. 

1.  Introduction 

Rare  earth  (RE)  magnesium-based  AB3-  or  A2B7-types  of  metal 
hydride  (MH)  alloys  are  promising  candidates  to  replace  the 
currently  used  AB5  MH  alloys  as  the  negative  electrodes  in 
nickel/metal  hydride  (Ni/MH)  batteries  due  to  their  high  capacities 
and  good  high-rate  dischargeability  (HRD)  [1],  The  structures  of 
AB3-  (CeNi3  or  PuNi3)  and  A2B7-types  (Ce2Ni7  or  Gd2Ni7  )  are 
similar  [2],  being  composed  of  alternating  A2B4  (Laves-type)  and 
AB5  construction  blocks  [3,4],  Other  similar  A2B4/ABs  mixed 
structures,  such  as  PrsCoig  and  CesCcqg  [5—13],  were  also  proposed 
as  MH  alloys.  While  most  of  the  RE-Mg— Ni  MH  alloys  were  based 
on  La-only  cases  [4,14-23],  other  RE  metals  in  misch-metal  form 
were  also  considered  [24-26].  Nd  is  an  RE  element  with  lower 
chemical  activity  compared  to  La  and  can  be  used  to  increase  the 
oxidation  resistance  and  extend  the  cycle  life  of  the  RE— Mg— Ni 
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MH  alloys.  Mixed  (La,  Nd)— Mg— Ni  alloys  were  studied,  and 
a  small  amount  of  Nd  (10%  of  A-site)  was  shown  to  increase  both 
the  surface  exchange  current  and  bulk  diffusion  and  thus  improve 
the  HRD  [27,28],  cycle  stability  [29,30],  and  discharge  capacity 
[31].  Another  study  in  low-Co  (La,  Nd)— Mg— Ni  alloys  showed  that 
50%  of  Nd  in  A-site  gave  the  best  combination  of  capacity, 
HRD,  and  cycle  stability  [32], 

Studies  on  Nd  as  the  only  RE  element  in  RE-Mg— Ni  MH  alloys 
have  been  conducted  before.  A  series  of  Ndo.75Mgo.25(Nio.8Coo.2)u 
alloys,  where  a  =  3.5  [33],  3.8  [34],  and  4.5  [34],  was  studied. 
The  sample  with  AB3s  stoichiometry  showed  the  highest 
electrochemical  capacity  and  HRD.  While  comparing  the  different 
preparation  methods  of  the  same  Ndo.75Mgo.25(Nio.8Coo.2)3.5 
alloy,  the  thermal  annealing  at  900  °C  yielded  the  highest 
discharge  capacity  [33];  the  magnetic  annealing  at  650  °C  showed 
the  best  HRD  [35];  and  the  quick  quench  by  melt-spinning 
promoted  the  most  stable  cycle  performance  [36],  In  a  study  of 
annealed  Nd0.8sMg0.12Nb.10  +  xAlo.20  (*  =  0.0,  0.1,  0.2,  0.3)  alloy, 
a  stoichiometry  of  AB3.s  showed  the  best  charge  retention  and 
cycle  stability  [37],  Although  the  electrochemical  properties  of 
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Mg— Nd— Ni  based  A2B7  were  studied  before,  the  contributions 
from  annealing  and  secondary  phases  were  not  discussed. 
Therefore,  both  the  annealing  and  stoichiometry  of  a  series  of 
Nd-based  A2B7  alloys  are  examined  in  detail  and  reported  in  this 
study. 

2.  Experimental  setup 

Ingots  were  prepared  in  a  2-kg  induction  furnace  from  raw 
materials  in  elemental  form  (except  for  Mg,  where  MgNi2  was 
used  to  suppress  the  evaporation  of  Mg)  under  1  atm  of  helium. 
Extra  amount  of  Mg  was  added  to  compensate  the  losses  during 
melting  and  annealing.  The  ingot  was  annealed  at  900  °C  for  5  h  in 
1  atm  of  argon.  The  annealing  conditions  were  optimized  by  the 
electrochemical  properties  with  the  same  methodology  used  in 
the  annealing  experiment  on  the  mish-metal  based  A2B7  alloys 
reported  previously  [38],  The  chemical  composition  of  each 
sample  was  examined  by  a  Varian  Liberty  100  inductively-coupled 
plasma  (ICP)  system.  A  Philips  X'Pert  Pro  x-ray  diffractometer 
(XRD)  was  used  to  study  the  microstructure,  and  a  JOEL -JSM6320F 
scanning  electron  microscopy  (SEM)  with  energy  dispersive 
spectroscopy  (EDS)  capability  was  used  to  study  the  phase 
distribution  and  composition.  PCT  characteristics  for  each  sample 
were  measured  using  a  Suzuki-Shokan  multi-channel  PCT  system. 
In  the  PCT  analysis,  each  sample  was  first  activated  by  a  2-h 
thermal  cycle  between  300  °C  and  room  temperature  at  25  atm 
H2  pressure.  The  PCT  isotherms  at  30,  45,  and  60  °C  were  then 
measured. 

For  the  electrochemical  study,  the  ingot  was  first  ground  and 
then  passed  through  a  200-mesh  sieve.  The  sieved  powder  was 
then  compacted  onto  an  expanded  nickel  metal  substrate  by 
a  10-ton  press  to  form  a  test  electrode  (about  1  cm2  in  area  and 
0.2  mm  thick)  without  using  any  binder.  Discharge  capacities  of 
these  small-sized  electrodes  were  measured  in  a  flooded-cell 
configuration  using  a  partially  pre-charged  Ni(OH)2  pasted  elec¬ 
trode  as  the  positive  electrode  and  a  6  M  KOH  solution  as  the 
electrolyte.  The  system  was  charged  at  a  current  density  of 
100  mA  g-1  for  5  h  and  then  discharged  at  a  current  density  of 
100  mA  g-1  until  a  cut-off  voltage  of  -0.9  V  was  reached.  The 
system  was  then  discharged  at  a  current  density  of  24  mA  g-1 
until  a  cut-off  voltage  of  -0.9  V  was  reached  and  finally  dis¬ 
charged  at  a  current  density  of  8  mA  g-1  until  a  cut-off  voltage 
of  -0.9  V  was  reached.  Linear  polarization  was  performed  by 
scanning  the  potential  from  -20  to  +20  mV  of  the  open  circuit 
voltage  at  a  rate  of  0.1  mV  s  For  the  potentiostatic  discharge 
experiment,  electrode  in  a  fully  charged  state  was  polar¬ 
ized  +0.6  V  vs.  the  open  circuit  voltage  for  7200  s. 


ICP  results  in  at.%. 


Alloy 


Zr  Mg  Ni  Co 


AB3.3 

AB3.4 

AB3.5 

AB3.6 

AB3.7 


Design 
ICP  as-cast 
ICP  annealed 

ICP  as-cast 
ICP  annealed 
Design 
ICP  as-cast 
ICP  annealed 
Design 
ICP  as-cast 
ICP  annealed 
Design 
ICP  as-cast 
ICP  annealed 


19.3  0.2 

19.4  0.2 

19.1  0.2 

18.9  0.2 

19.0  0.2 

18.8  0.2 

18.4  0.2 

18.5  0.2 

18.2  0.2 

18.0  0.2 
18.3  0.2 

18.0  0.2 

17.7  0.2 

17.6  0.2 

17.8  0.2 


73.1 

73.1 

73.2 
73.7 
73.7 

73.9 
74.1 
74.1 

74.3 
74.6 
743 
74.6 
75.0 
75.0 

74.9 


Al  Fe 


B/A 

3.30 

3.28 

3.32 

3.41 

3.42 
3.48 
3.50 
3.50 

3.55 
3.60 

3.56 
3.59 
3.70 
3.70 
3.67 


3.  Results  and  discussion 

Five  alloys  (ABa)  with  design  formula  (Nd0.83Mg0.i6Zr0.01) 
(Ni0.953Al0.046f-O0.001  )fl>  where  a  =  3.3,  3.4,  3.5,  3.6,  and  3.7,  were 
prepared.  ABaA  denotes  alloy  after  annealing.  These  alloys  are 
similar  to  those  reported  in  Ref.  37  with  the  addition  of  a  very  small 
amount  of  Zr  to  enhance  the  cycle  life  [39]  and  Co  to  facilitate 
activation  [40],  The  ICP  results  from  ingots  before  and  after 
annealing  in  atomic  percentage  are  compared  in  Table  f,  which  are 
very  close  to  the  designed  compositions  shown  in  the  same  table 


Two  Theta  (in  Degree) 


Two  Theta  (in  Degree) 


Fig.  1.  XRD  patterns  using  Cu-K„  as  the  radiation  source  for  as-cast  (a)  and  annealed 
(b)  Samples. 
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except  for  a  small  amount  of  Fe  pick-up  from  the  steel  mold.  The 
final  B/A  ratio  after  annealing  for  alloys  AB3.3,  AB3.4,  AB3.5,  AB3.6 
and  AB3.7  are  3.32,  3.48,  3.55,  3.59,  and  3.67,  respectively. 

3.3.  XRD  analysis 

The  XRD  patterns  of  the  five  alloys  before  and  after  annealing 
are  shown  in  Fig.  1  a  and  b,  respectively.  All  patterns  are  dominated 
by  a  Nd2Ni7  structure.  NdNis  and  MgNdNLj  are  the  main  secondary 
phases,  and  their  abundances  reduce  after  annealing.  Lattice 
constants  a  and  c  from  the  main  Nd2Ni7  for  each  alloy  are  listed  in 
Table  2  together  with  the  c/a  ratio  and  unit  cell  volume.  In  both  the 
as-cast  and  annealed  series,  lattice  constant  a  remains  about  the 
same  while  the  lattice  constant  c  reduces  as  the  B/A  ratio  increases, 
which  causes  the  decreases  in  both  c/a  ratio  and  unit  cell  volume. 
The  c/a  ratio  is  important  for  the  prediction  of  the  pulverization 
rate  of  AB2  and  AB5  alloys.  Due  to  the  different  directions  for  the 
proton  to  transport  in  AB2  (along  c-axis)  and  AB5  (along  a—b  plane) 
MH  alloys  [41,42],  the  former  prefers  a  smaller  while  the  later 
prefers  a  larger  c/a  ratio  to  decrease  the  pulverization  during 
hydriding/dehydriding  cycles  [43,44],  The  Nd2Ni7  structure  is  the 
stacking  of  AB5  and  2  x  AB2  units,  and  the  preferential  sites  for 
deuterium  are  all  in  the  AB2  slabs  according  to  the  XRD  study 
[45,46],  Consequently,  the  protons  will  likely  hop  along  the  a—b 
plane  as  in  the  case  of  AB5  MH  alloy.  A  larger  c/a  ratio  may 
contribute  to  a  shorter  distance  for  the  protons  to  hop.  However, 
more  elongation  along  the  c-axis  during  the  hydride  from 
a  smaller  a  lattice  constant  may  promote  an  easier  pulverization. 
Therefore,  the  effect  of  the  decrease  in  c/a  ratio  with  the  increase  in 
B/A  ratio  on  the  cycle  stability  is  unclear  and  requires  further 
investigation.  Finally,  the  reductions  in  unit  cell  volume  in  both 
series  as  the  B/A  ratio  increases  are  plotted  in  Fig.  2.  After 
annealing,  the  unit  cell  volume  increases  at  every  stoichiometry, 
which  corresponds  to  a  more  stable  hydride  with  stronger  metal- 
bond  strength  [44,47], 

The  phase  abundances  analyzed  by  Jade  9  software  are  listed  in 
Table  2.  Before  annealing,  MgNdNLj  and  NdNis  are  the  main 
secondary  phases  with  Nd,  NdNi,  NdNi3,  and  CeNh  as  the  minor 
secondary  phases.  Both  MgNdNLj  [48-53]  and  NdNi5  [54-56]  are 
MH  alloys  studied  previously.  In  both  the  as-cast  and  annealed 
series,  the  abundance  of  the  main  Nd2Nb  phase  decreases  with 
increases  in  phase  abundances  of  NdNis  and  MgNdNLj  as  the  design 
B/A  ratio  increases  except  for  AB3.3.  CeNi3  is  a  different  crystal 
structure  from  the  NdNi3  (PuNi3  structure)  [2],  The  abundances  of 
the  minor  secondary  phases  reduce  with  the  increase  in  B/A  ratio. 
After  annealing,  while  the  abundances  of  the  all  secondary  phases 
reduce  and  the  abundance  of  the  main  Nd2Ni7  phase  increases.  The 
annealing  condition  was  optimized  by  the  electrochemical  perfor¬ 
mance,  and  the  synergetic  effect  from  the  secondary  phases  was 
intentionally  preserved  for  the  same  reason  as  in  AB2  alloy  devel- 


abundance  on  the  gaseous  and  electrochemical  hydrogen  storages 
will  be  discussed  in  later  sections. 


3.2.  SEM/EDS  analysis 

The  microstructures  for  alloys  before  and  after  annealing  were 
studied  by  SEM,  and  the  backscattering  electron  images  (BEI)  are 
presented  in  Fig.  3a-e,  and  f-j,  respectively.  Samples  were 
mounted  and  polished  on  epoxy  blocks,  rinsed  and  dried  before 
entering  the  SEM  chamber.  The  compositions  in  several  areas 
(identified  numerically  in  the  micrographs)  were  studied  by  EDS, 
and  some  of  the  results  are  listed  in  Table  3.  In  all  micrographs, 
phases  with  the  brightest  (area  #1 )  and  darkest  (area  #7)  contrasts 
are  from  Nd  and  Zr02,  respectively.  Besides  the  main  Nd2Ni7  phase, 
a  phase  with  a  brighter  contrast  and  a  typical  B/A  ratio  between  2.7 
and  2.9  is  found  in  all  as-cast  alloys  (Fig.  3a-2,  b-2,  b-3,  c-2,  c-3,  d-3, 
e-2,  e-3)  and  AB3.3A  (Figs.  3f-4)  and  AB3.4A  (Fig.  3g-4).  This  stoi¬ 
chiometry  is  very  close  to  that  of  NdNb  (B/A  ratio  =  3.0),  which  has 
a  very  similar  structure  to  Nd2Ni7  [2],  In  a  few  samples  (AB3.6, 
AB3.3A,  AB3.4A,  and  AB3.5A),  the  phase  with  a  brighter  contrast 
than  NdNi3  and  a  B/A  ratio  of  about  1.0  is  attributed  to  the  NdNi 
phase  (Fig.  3d-2,  f-2).  Moreover,  a  phase  with  a  slightly  darker 
contrast  than  the  main  Nd2Ni7  phase  can  be  found  in  all  samples 
(area  #6  for  AB3.3A,  3.4A,  and  3.7A  and  area  #5  for  the  rest  of 
alloys).  The  Mg-content  in  this  particular  phase  is  the  highest.  With 
a  stoichiometry  of  exactly  2.0,  this  phase  is  assigned  as  the 
MgNdNLj  phase.  The  phase  with  the  second  darkest  contrast 


opment  [57,58].  The 

Table  2 

Nd2Ni7  lattice  constants  ant 

of  this 

ait  cell  volu 

increase  in  Nd2Ni7  phase  (area  #6)  in  the  a: 

mes,  and  phase  abundances  of  alloys  from  XRD  analysis. 

i-cast  alloys  and  a  B/A  rat 

io  of  4.6  is 

;  assigned  as 

Alloy 

a  (A) 

c(A) 

c/a 

Unit  cell  volume  (A3) 

NdNis  £ 

Nd2Ni7  % 

NdNi3  % 

MgNdNi4  % 

NdNi  % 

CeNis  % 

AB3.3 

4.999 

24.423 

4.886 

528.5 

4.8 

87.2 

2.1 

2.8 

2.1 

1.0 

AB3.4 

5.003 

24.373 

4.872 

528.2 

2.8 

88.8 

2.7 

3.6 

1.3 

0.8 

AB3.5 

5.000 

24.352 

4.871 

527.1 

3.2 

86.2 

2.5 

7.6 

0.3 

0.2 

AB3.6 

4.994 

24.325 

4.871 

525.4 

3.6 

85.4 

2.2 

8.4 

0.4 

0.0 

AB3.7 

4.992 

24.318 

4.871 

524.8 

5.8 

79.6 

3.6 

10.2 

0.4 

0.4 

AB3.3A 

5.004 

24.433 

4.883 

529.7 

0.2 

97.0 

2.0 

0.4 

0.4 

0.0 

AB3.4A 

5.006 

24.360 

4.866 

528.6 

0.5 

96.5 

2.1 

0.6 

0.3 

0.0 

AB3.5A 

5.001 

24.372 

4.873 

527.9 

0.4 

96.5 

1.8 

1.2 

0.1 

0.0 

AB3.6A 

4.999 

24.314 

4.864 

526.1 

0.8 

95.0 

3.2 

0.8 

0.2 

0.0 

AB3.7A 

4.997 

24.284 

4.860 

525.1 

0.7 

94.9 

1.7 

2.6 

0.1 

0.0 
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the  NdNis  phase.  This  phase  is  absent  in  all  the  micrographs  of 
the  annealed  ingots.  From  the  Nd— Ni  phase  diagram  [59], 
the  solidification  sequence  can  be  estimated  as  first  NdNi5, 
followed  by  Nd2Ni7,  NdNi3,  NdNi2  (MgNdNi4),  and  finally  to 
NdNi.  As  a  consequence,  the  NdNis  that  solidified  first  and 
the  MgNdNi4  that  solidified  later  do  not  share  any  common 
boundary  as  shown  in  the  micrographs.  According  to  the  EDS 
analysis,  the  solubility  of  Mg  in  various  phases  is  in  the  order  of 
MgNdNU  >  NdNi3  >  Nd2Ni7  >  NdNi  >  NdNis,  which  is  almost 
opposite  to  the  cooling  sequence.  This  indicates  that  during  solid¬ 
ification,  Mg  is  passed  to  the  next  solidified  phase  sequentially.  The 
solubility  of  A1  in  the  MgNdNi4  is  the  less  than  its  solubility  in  all 
other  phases.  Comparing  the  overall  micrographs  from  the  as-cast 
and  annealed  ingots,  the  main  secondary  phases  (NdNis  and 
MgNdNLj)  either  become  smaller  or  disappear  while  the  main 
Nd2Ni7  phase  expands  after  annealing.  The  amounts  of  the  minor 
secondary  phases,  such  as  NdNi  and  NdNi3,  remain  about  the  same 
after  annealing. 

As  the  design  B/A  ratio  increases  from  3.3  to  3.7,  the  stoichi¬ 
ometries  of  the  main  Nd2Ni7  phases  (bold  in  Table  3)  in  the  as-cast 
series  decrease  from  3.7  to  3.3  and  those  in  the  annealed  series 


remain  at  3.3.  The  deviation  in  the  as-cast  samples  is  due  to  the 
increase  in  abundance  of  NdNi5  phase  (higher  Ni-content)  with  the 
increase  in  B/A  ratio.  After  annealing,  the  phase  abundance  of 
NdNis  phase  decreases  and  is  just  enough  to  maintain  the  stoichi¬ 
ometry  of  the  main  phase  at  3.3. 

3.3.  Caseous  phase  study 

The  gaseous  phase  hydrogen  storage  properties  of  the  alloys 
were  studied  by  PCT  measured  at  30,  45,  and  60  °C.  The  resulting 
absorption  and  desorption  isotherms  measured  at  30  °C  for  the  as- 
cast  and  annealed  series  are  shown  in  Fig.  4a  and  b,  respectively. 
The  information  obtained  from  the  PCT  study  is  summarized  in 
Table  4.  The  maximum  hydrogen  storage  capacity  measured  at 
30  °C  for  both  the  as-cast  and  annealed  series  first  increases  and 
then  stabilizes  as  the  B/A  ratio  increases.  The  reversible  hydrogen 
storage  capacity  measured  at  30  °C  increases  with  the  increase  in 
B/A  ratio  in  both  the  as-cast  and  annealed  series.  The  increases  in 
both  storage  capacities  can  be  attributed  to  the  increase  in  abun¬ 
dance  of  the  NdNis  phase,  which  is  a  catalytic  phase  with  a  weaker 
metal-hydrogen  bond.  Annealing  improves  both  the  maximum  and 
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Table  3 

Summary  of  some  EDS  results.  Data  from  annealed  samples  are 
those  from  AB3.3A  are  shown  here.  Areas  #1  and  #7  are  the 
respectively.  The  main  Nd2Ni7  phases  are  in  bold. 


Alloy  Location  Nd  Zr  Mg  Ni  Al 


AB3.3  Fig.  3a-2 

Fig.  3a-3 
Fig.  3a— 4 
Fig.  3a-5 
Fig.  3a-6 
AB3.4  Fig.  3b-2 

Fig.  3b-3 
Fig.  3b-4 
Fig.  3b-5 
Fig.  3b-6 
AB3.5  Fig.  3c-2 

Fig.  3c-3 
Fig.  3c-4 
Fig.  3c-5 
Fig.  3c-6 
AB3.6  Fig.  3d-2 

Fig.  3d-3 
Fig.  3d-4 
Fig.  3d- 5 
Fig.  3d-6 
AB3.7  Fig.  3e-2 

Fig.  3e-3 
Fig.  3e-4 
Fig.  33-5 
Fig.  3e-6 
AB3.3A  Fig.  3f-2 

Fig.  3f-3 
Fig.  3f-4 
Fig.  35 
Fig.  3f-6 


22.5  0.1  3.9  68.9 

20.0  0.1  2.8  73.4 

19.0  0.1  2.4  74.5 

22.2  0.1  10.8  65.9 

17.1  0.0  0.7  77.4 

21.5  0.2  4.2  70.0 

21.1  0.0  5.1  70.6 

19.0  0.2  2.3  74.8 

22.5  0.0  10.9  65.6 

17.2  0.1  0.5  77.9 

22.0  0.0  4.9  69.7 

20.8  0.2  4.9  70.8 

19.0  0.2  3.1  74.6 

22.1  0.0  10.9  65.4 

173  0.1  0.4  77.4 

48.6  0.2  1.0  50.3 

22.4  0.1  4.2  69.0 

19.5  0.1  3.4  73.0 

21.6  0.0  11.3  66.1 

173  0.1  0.4  78.6 

21.7  0.1  4.0  70.4 

21.4  0.1  43  70.1 

19.2  0.1  4.2  73.1 

19.8  0.1  13.1  66.1 

17.1  0.1  0.6  78.8 

44.6  0.2  1.2  53.4 

22.4  0.2  4.4  69.5 

20.1  0.1  3.0  72.5 

21.6  0.0  11.9  65.7 


similar  and  thus  only 
Nd  and  Zr02  phases, 


B/A  Phase 
~23  AB3 

3.4  Nd2Ni7 

3.7  Nd2Ni7 
2.0  MgNdNU 

2.9  AB3 

2.8  AB3 
3.7  Nd2Ni7 
2.0  MgNdNL, 

4.6  NdNi5 

2.7  AB3 

2.9  AB3 

3.5  Nd2Ni7 
2.0  MgNdNi4 

4.6  NdNi5 


3.3  Nd2Ni7 
2.0  MgNdNi4 

4.6  NdNi5 
2.9  AB3 
2.9  AB3 
33  Nd2Ni7 
2.0  MgNdNi4 

1.2  NdNi5 
2.8  AB3 

2.7  AB3 
33  Nd2Ni7 
2.0  MgNdNi4 


increases  in  the  as-cast  series  and  increases  monotonically  in  the 
annealed  series  with  the  increase  in  B/A  ratio.  Both  the  capacities 
and  pressures  measured  by  PCT  are  different  from  the  prediction  of 
the  XRD  analysis  that  show  a  shrinking  unit  cell  volume  of  the  main 
Nd2Ni7  phase  with  increasing  B/A  ratio  in  both  the  as-cast  and 
annealed  series  (due  to  the  presence  of  the  secondary  phases  acting 
as  catalysts  for  hydrogen  storage).  The  slope  factor  (SF)  is  defined  as 
the  ratio  of  the  storage  capacity  between  0.01  and  5  MPa  to  the 
reversible  capacity.  The  SF  of  each  alloy  is  listed  in  Table  4  and  can 
be  used  to  predict  the  degree  of  disorder  in  the  alloy  [60,61  ].  While 
the  trend  of  SF  evolution  in  the  as-cast  series  is  not  clear,  the 
annealed  samples  show  improvement  in  SF  with  the  increase  in  B/A 
ratio.  Annealing  for  the  multi-phase  A2B7  alloys  does  not  neces¬ 
sarily  improve  the  SF,  which  is  different  from  the  case  in  AB5  with 
a  single  CaCus  crystal  structure  [62],  The  hysteresis  of  the  PCT 
isotherm  of  each  alloy,  listed  in  Table  4,  is  defined  as  In  (Pa/Pd). 
where  Pa  and  P, j  are  the  absorption  and  desorption  equilibrium 
pressures  at  the  mid-point,  respectively.  The  hysteresis  can  be  used 
to  predict  the  pulverization  rate  of  the  alloy  during  cycling  [63], 
Alloys  with  larger  hystereses  have  higher  pulverization  rates  during 
hydriding/dehydriding  cycles.  As  the  B/A  ratio  increases,  the 
hysteresis  in  the  as-cast  series  decreases  while  that  in  the  annealed 
series  remains  about  the  same.  The  annealing  reduces  the  hyster¬ 
esis  in  general  except  for  the  AB3.7  alloy. 

Desorption  equilibrium  pressures  at  mid-point  measured  at  30, 
45,  and  60  °C  were  used  to  calculate  the  changes  in  enthalpy  (AH) 
and  entropy  (AS)  by  the  equation 

AG  =  AH  -  TAS  =  RTlnP  (1) 


reversible  hydrogen  storage  capacities  due  to  the  reduction  in 
abundance  of  the  MgNdNLt  phase,  which  has  a  lower  hydrogen 
storage  capacity  [51  ].  The  equilibrium  plateau  pressure,  defined  as 
the  mid-point  of  the  desorption  isotherm,  decreases  and  then 


where  R  is  the  ideal  gas  constant  and  T  is  the  absolute  temperature. 
The  results  of  these  calculations  are  listed  in  Table  4.  All  the  AH 
values  are  between  -36  and  -41  kj  mol”1  H2,  which  are  compa¬ 
rable  to  the  commercially  available  AB5  and  AB2  MH  alloys  [64,65], 
AH  of  the  as-cast  series  decreases  with  the  increase  in  B/A  ratio  and 


Hydrogen  wt.%  Hydrogen  wt.% 


Fig.  4.  PCT  isotherms  of ; 


:  (a)  and  annealed  (b)  Samples  measured 


°C.  Open  and  solid  symbols  are  for  absorption  and  desorption  curves,  respectively. 
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Table  4 

Summary  of  gaseous  phase  hydrogen  storage  properties  of  as-cast  and  annealed  alloys. 


Alloy  Max.  H-storage  Rev.  H-storage 

at  30  °C  (wt.  %)  at  30  “C  (wt.  %) 

AB3.3  TTi  ol2 

AB3.4  1.10  0.82 

AB3.5  1.20  0.97 

AB3.6  1.23  1.04 

AB3.7  1.21  1.11 

AB3.3A  1.22  0.84 

AB3.4A  1.30  1.10 

AB3.5A  1.34  1.16 

AB3.6A  1.34  1.22 

AB3.7A  1.34  1.24 


Mid-point  pressure  30  °C  30  °C 

at  30  “C  Des.  (MPa)  slope  factor  hysteresis 

0.050  056  058 

0.034  0.66  0.21 

0.033  0.54  0.22 

0.033  0.88  0.26 

0.041  0.68  0.08 

0.016  0.58  0.22 

0.018  0.65  0.19 

0.018  0.71  0.18 

0.019  0.76  0.18 

0.022  0.77  0.19 


-AH 

(kj  mor1  H2) 

36 

36 

38 

39 

39 

40 
40 


40 


40 


-AS 

q  K-1  mol-1  H2) 


11 

16 

18 

21 

15 


19 

18 


remains  the  same  for  the  annealed  series,  which  is  in  agreement 
with  the  stoichiometry  of  the  main  Nd2Ni7  phase  as  found  in  the 
SEM/EDS  study.  AH  of  the  annealed  sample  is  usually  lower  than 
that  of  the  as-cast  sample.  The  AS  values  are  very  similar  and 
slightly  larger  than  AS  between  the  hydrogen  gas  and  hydrogen  in 
the  solid  (-125  J  K_1  mol-1  H2)  [66],  This  indicates  that  the  (3-phase 
(hydride)  of  the  alloys  under  current  study  is  close  to  but  not  in 
perfectly  ordered  structure,  which  reduces  AS  slightly.  The  devia¬ 
tion  from  a  perfect  hydride  is  more  obvious  with  AB2  alloys  carrying 
higher  degree  of  disorder,  which  show  even  larger  AS  [67,68], 


3.4.  Electrochemical  measurement 

The  discharge  capacity  of  each  alloy  was  measured  in  a  flooded- 
cell  configuration  against  a  partially  pre-charged  Ni(OH)2  positive 
electrode.  The  purpose  of  the  current  setup  is  to  measure  the 
activation  behavior  and  thus  no  binder  or  other  metal  was  added. 
Consequently,  the  pressed  electrode  is  not  as  durable  as  those  with 
Ni  or  Cu  powder  added  and  is  not  intended  for  cycle  life  evaluation. 
No  alkaline  pretreatment  was  applied  before  the  half-cell 
measurement.  Each  sample  electrode  was  charged  at  a  constant 
current  density  of  100  mA  g  1  for  5  h  and  then  discharged  at 
a  current  density  of  100  mA  g-1  followed  by  two  pulls  at  25  and 
8  mA  g~\  The  obtained  full  capacities  (8  mA  g_1)  from  the  first 
thirteen  cycles  for  the  as-cast  and  annealed  series  are  plotted  in 
Fig.  5a  and  b,  respectively.  Most  of  the  as-cast  alloys  (AB3.4-AB3.7) 
require  one  activation  cycle  to  reach  the  maximum  full  capacity. 
The  capacity  degradation  during  cycling  is  caused  by  the  combi¬ 
nation  of  material  disintegration  and  oxidation,  which  is  less  severe 
in  the  annealed  samples.  The  high-rate  (100  mA  g_1)  and  full 
capacities  (8  mA  g  '1)  measured  at  the  third  cycle  are  listed  in 
Table  5.  Without  using  the  metallic  binder  (Ni  or  Cu)  in  the  elec¬ 
trode,  the  highest  discharge  current  was  set  at  100  mA  g-1  since  the 
inter-particle  connection  will  influence  the  resistance  at  rates 
higher  than  100  mA  g~\  In  both  the  as-cast  and  annealed  series, 
AB3.5  and  AB3.5A  have  the  highest  high-rate  and  full  capacities. 
Both  capacities  increase  with  annealing  in  all  five  samples.  The 
theoretical  discharge  capacity,  based  on  the  gaseous  phase 
maximum  hydrogen  storage  capacity  as  shown  in  Fig.  4  for  each 
alloy  is  listed  in  the  next  column.  While  the  as-cast  samples  with 
lower  B/A  ratios  (3.3,  3.4,  and  3.5)  showed  slightly  higher  full 
discharge  capacities  compared  to  their  theoretical  values,  other 
samples  showed  2—6%  decreases  comparing  the  same.  It  may  be 
related  to  the  incompletion  of  gaseous  phase  hydride  formation  in 
these  as-cast  samples  with  lower  B/A  ratios  which  exhibited  rela¬ 
tively  lower  PCT  slope  factors  (more  tilted). 

The  activation  behavior  of  the  half-cell  HRD,  defined  as  the  ratio 
of  discharge  capacity  measured  at  100  mA  g_1  to  that  measured  at 
8  mA  g  ',  for  the  first  thirteen  cycles  for  the  as-cast  and  annealed 


samples  are  plotted  in  Fig.  6a  and  b,  respectively.  As  seen  in  Table  5, 
at  least  two  and  three  cycles  are  required  for  the  HRD  to  stabilize  in 
the  as-cast  and  annealed  series,  respectively.  The  activation  of  the 
Nd-A2B7  is  faster  than  those  from  AB5  [64]  and  AB2  [67]  MH  alloys. 
Annealing  slows  down  the  activation  due  to  the  reduction/elimi¬ 
nation  of  some  secondary  phases  which  can  be  advantageous.  The 
HRD  values  calculated  from  the  capacities  obtained  at  the  third 


Fig.  5.  Activation  characteristic  of  half-cell  discharge  capacities  measured  at  8  mA  g  1 
for  as-cast  (a)  and  annealed  (b)  samples. 
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Table  5 

Summary  of  electrochemical  properties  of  un-annealed  and  annealed  alloys. 


Alloy  Full  capacity 

@  3rd  cycle  (mAh  g_1) 


AB3.3  302 

AB3.4  321 

AB3.5  329 

AB3.6  324 

AB3.7  315 

AB3.3A  316 

AB3.4A  331 

AB3.5A  342 

AB3.6A  339 

AB3.7A  340 


High-rate  Theoretical  capacity  Activation  cycle  HRD  <§>  Diffusion  Exchange 

capacity  @  3rd  based  on  reaching  98%  of  3rd  cycle  coefficient  current 

cycle  (mAh  g1)  PCT  (mAh  g  ')  stabilized  HRD  D  (10  10  cm2  s  ')  J„(mAg 1) 


291  297 
310  295 
321  322 
317  330 
307  324 
299  327 
317  348 
332  359 
328  359 
331  359 


2  0.96 

2  0.97 

2  0.98 

2  0.98 

1  0.98 

3  0.95 

3  0.96 

2  0.97 

3  0.97 

2  0.98 


6.6  35.9 

5.5  23.6 

6.0  22.3 

6.2  25.4 

5.9  17.2 

10.6  44.8 

6.2  64.9 

6.4  52.5 

4.5  48.5 

4.2  33.5 


cycle  are  listed  in  Table  5.  As  the  B/A  ratio  together  with  the  Ni- 
content  increase,  the  HRD  value  increases  in  both  the  as-cast  and 
annealed  series.  By  comparing  HRD  in  Table  5,  annealing  is  found  to 
decrease  the  HRD  value  slightly  for  the  same  reason  as  in  activation 
behavior  change. 


1  2  3  4  5  6  7  8  9  10  11  12  13 

Cycle  Number 


Fig.  6.  Activation  characteristic  of  high-rate  dischargeability  (ratio  between  capacities 
measured  at  100  and  8  mA  g_1)  for  as-cast  (a)  and  annealed  (b)  samples. 


Conventionally,  both  the  bulk  diffusion  coefficient  (D)  and 
surface  exchange  current  (/0)  were  used  to  study  the  source  of 
HRD  changes  [65,69—73].  The  details  of  both  parameters’ 
measurements  were  reported  previously  [38],  and  the  values  are 
listed  in  Table  5.  All  D  values  are  higher  than  those  in  commercial 
available  AB2  (D  =  9.7  x  10”11  cm2  s-1)  and  AB5  MH  alloys 
(D  =  2.55  x  10-10  cm2  s-1)  [72]  and  indicate  easier  hydrogen 
transportation  in  the  bulk  of  Nd2Ni7-type  of  alloys,  disregard  the 
B/A  ratio.  In  general,  while  the  /„ s  of  the  as-cast  samples  are  lower 
than  those  from  commercial  available  AB2  (I0  =  32.1  mA  g  ')  and 
AB5  (43.2  mAg-1)  [72],  those  from  the  annealed  samples  are  higher 
than  I0s  from  AB2  and  AB5.  This  finding  suggests  the  replacement  in 
the  MH  alloy  in  the  current  Ni/MH  battery  with  the  annealed  A2B7 
alloys.  In  the  as-cast  series,  while  the  D  values  are  about  the  same, 
the  I0  value  decreases  as  the  B/A  ratio  increases.  In  the  annealed 
series,  the  D  value  decreases  and  the  /„  value  first  increases  and 
then  decreases.  In  both  cases,  the  increase  in  HRD  value  cannot  be 
explained  by  either  the  bulk  or  surface  property  and  may  be  related 
to  the  complicated  multi-phase  nature  of  these  alloys  which 
require  further  studies.  Comparing  both  values  before  and  after 
annealing  reveal  the  following  facts:  while  the  bulk  diffusion 
remains  about  the  same  except  for  AB3.3,  the  surface  exchange 
current  increases  after  annealing  and  thus  contributes  positively  to 
the  HRD  performance. 

4.  Summary 

Both  the  influences  from  stoichiometry  and  annealing  on  the 
structure,  gaseous  phase  hydrogen  storage,  and  electrochemical 
properties  were  studied  for  the  Nd2Ni7-based  multi-phase 
(including  secondary  phases  such  as  MgNdNi4,  NdNi5,  NdNi3, 
NdNi,  Nd,  and  CeNi3)  alloys  and  summarized  as  follows: 

With  the  increase  in  B/A  ratio, 

•  the  unit  cell  volume  and  abundance  of  the  Nd2Ni7  main 
phase  reduced  while  the  abundances  of  the  main  secondary 
NdNis  and  MgNdNLj  phases  increased,  and  those  of  NdNi  and 
CeNi3  phase  decrease  for  both  the  as-cast  and  annealed 
series; 

•  the  stoichiometry  of  the  main  Nd2Ni7  phase  decreased  in  the 
as-cast  series  and  remained  constant  at  3.3  for  the  annealed 
series; 

•  the  maximum  gaseous  phase  storage  capacity  first  increased 
and  then  stabilized  after  B/A  ratio  in  the  main  phase  reached 
3.3  while  the  reversible  gaseous  phase  storage  capacity 
increased  in  both  the  as-cast  and  annealed  series; 

•  the  equilibrium  plateau  pressure  in  the  as-cast  series  decreased 
first  and  then  increased  while  that  in  the  annealed  series 
increased; 
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•  the  heat  of  hydride  formation  (or  the  change  in  enthalpy) 
decreased  in  the  as-cast  series  and  remained  about  the  same 
at  -40  kj  mol-1  H2  for  the  annealed  series; 

•  both  the  full  and  high-rate  electrochemical  capacities 
increased  and  then  decreased  while  the  ratio  (HRD)  increased 
in  both  the  as-cast  and  annealed  series; 

•  the  activation  became  easier;  and 

•  the  bulk  diffusion  of  the  annealed  series  decreased  while  the 
surface  exchange  current  of  the  as-cast  series  decreased. 


After  annealing  at  900  °C  for  5  h, 


•  the  lattice  constants  c/a  ratio  reduced; 

•  the  unit  cell  volume  of  the  main  Nd2Ni7  phase  decreased  and 
its  abundance  increased; 

•  the  abundances  of  all  secondary  phases  reduced; 

•  the  stoichiometry  of  the  main  Nd2Ni7  phase  became  3.3; 

•  both  the  gaseous  phase  hydrogen  storage  and  electrochemical 
capacity  increased; 

•  HRD  decreased  slightly; 

•  the  activation  became  more  difficult; 

•  the  bulk  diffusion  remained  about  the  same  for  most  of  the 
alloys;  and 

•  the  surface  exchange  current  increased. 

Different  from  the  conventional  misch-metal  based  AB5  MH 
alloy,  the  Nd-based  (Nd,  Mg)(Ni,  Al  (3  5  alloy  remained  multiple- 
phase  after  annealing  treatment,  which  makes  the  identification 
of  the  source  of  improvement  in  the  electrochemical  properties 
more  difficult.  In  the  future,  the  gaseous  phase  storage  and  elec¬ 
trochemical  properties  of  each  constituent  phase  and  its  synergetic 
effect  to  the  main  Nd2Ni7  phase  should  be  fully  investigated  in 
order  to  further  improve  this  series  of  alloys  for  Ni/MH  application. 
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